have evolved in response to selection by environmental conditions. Some of these 54 traits enhance the fitness of plants in response to herbivores because the traits either 55 reduce the rate of consumption, or increase the rate of regrowth (Briske, 1996) . These 56 traits are regarded as constituting broad strategies of avoidance and tolerance, which 57 are not mutually exclusive and are collectively known as herbivore resistance (Herms 58 and Mattson, 1992; Stevens et al. 2007 ; Skarpe and Hester, 2008) . Plant communities 59 comprise mixtures of species, each displaying a range of strategies contingent on 60 fluctuations in herbivore impacts and environmental factors (Hjältén et al., 1996; 61 Hester et al., 2006) . Understanding how individual plant species respond to herbivores 62 in semi-arid savannas is critical for understanding how plant assemblages respond to 63 changing environments (Hester et al., 2006) . 64
Carbon-based secondary metabolites (CBSMs), such as tannins, are assumed to 65 function as chemical defences that contribute to herbivore-avoidance strategies 66 (Bryant et al., 1985; Skarpe and Hester, 2008) . The concentration of CBSMs in 67 individual plants depends on resource availability in the environment (Koricheva et 68 al., 1998; Stevens et al., 2007) and the effect that herbivores have on resource 69 allocation and availability in plants (Nykanen and Koricheva, 2004; Ballare, 2011; 70 Orians et al., 2011) . Plant responses to herbivores may also depend on the severity of 71 damage (Hjältén et al., 1993 (Hjältén et al., , 1994 Nykanen and Koricheva, 2004) . While defoliation may induce defences in woody plants in semi-arid savannas (Ward 76 and Young, 2002) , severe browsing by large herbivores in savannas has been reported 77 to maintain elevated shoot growth associated with increased N concentrations or 78 reduced tannin concentrations in individual plants (du Toit et al., 1990) . Heavily 79 browsed plants that have switched to a vegetative state characterised by N-rich/C-poor 80 tissues are in positive feedback loops because the switch increases the probability of 81 browsing (Fornara and du Toit, 2007; Skarpe and Hester, 2008 Our objective was to study the effects of large herbivore exclusion on woody 90 species in terms of (i) condensed tannin (CT), total polyphenol (TP), N and P 91 concentrations in mature leaves and (ii) shoot length. The premise of this approach is 92 that exclusion of herbivores allows their effects to be determined (O'Keefe and Alard, 93 2002). Mature leaves comprise the main component of foliage in all browsers' diets 94 for most of the growing season. Therefore, browsers would potentially be affected by 95 changes in mature leaves rather than young leaves that are only briefly available early 96 in the wet season. Although the response of shoot length to browsing is unlikely to be 97 directly related to total shoot biomass because the number of shoots is often reduced 98 by browsing (Bergström et al., 2000) , the response of shoot length in Acacia trees has 99 been found to be comparable to that of total shoot productivity (Milton, 1988 ; 100 5 Dangerfield and Modukanele, 1996; Fornara and du Toit, 2007) . In addition, neither 101 shoot length nor total shoot growth necessarily reflect total plant growth because they 102 are the result of resources being allocated to adjust the root:shoot ratio (Teague, 1985;  From an environmental management perspective, it is better to relax P and make a 237 Type I error when the statistical power of the experiment is not strong, than to make a 238 Type II error in accepting the null hypothesis when it is false (Underhill, 1997). 239 240 241
Results

243
Each species that we studied expressed at least one chemical response to exclusion 244 of large herbivores. For A. grandicornuta, exclusion treatments negatively affected 245
[N] (F 2,47 = 3.89; P = 0.027), but had no effect on other chemical variables (P > 0.05) 246 ( Fig. 1 ). For C. apiculatum, exclusion increased [CT] (F 2,46 = 8.76; P = 0.001), but did 247 not significantly affect other chemical variables (P > 0.05) (Fig. 1) . In D. cinerea, 248
[TP] tended to be lowest in the partial exclusion plot and highest in the control plot 249 11 (F 2,49 = 3.10; P = 0.054), while there were no significant effects on the other chemical 250 variables (P > 0.05) (Fig 1) . 251
In G. flavescens, partial exclusion of large herbivores increased [P] (F 2,38 = 4.57; P 252 = 0.017), but did not affect other chemical variables (P > 0.05), except that a 253 marginally significant negative effect was noted for [TP] (F 2,37 = 2.67; P = 0.083) 254 ( Fig. 1) The hypothesis that current season's shoots are shorter in plants after exclusion of 282 large herbivores than in browsed plants in semi-arid savannas was supported for two 283 species we studied. The two fine-leaf, spiny species, D. cinerea and A. grandicornuta, 284 had shorter shoots after total exclusion compared to either no exclusion or exclusion 285 of elephants. Mean shoot lengths on the two broad-leaf, spineless species were not 286 significantly affected by exclusion, but showed a similar trend. Nevertheless, our 287 results indicated that the study species were able to increase shoot growth rate in 288 response to browsing (Renton et al., 2007; Mopipi et al., 2009 ) and suggests that 289 spines or N 2 -fixation may have a role in compensatory shoot growth, although the 290 mechanism is unclear. The observations for A. grandicornuta and D. cinerea 291 confirmed preliminary observations of shoot lengths in the previous wet season 292 (ZSKBP, unpublished data). The observations for C. apiculatum and G. flavescens, 293 however, contrasted with our preliminary observations and other studies that 294 demonstrated shorter shoots without browsing (Bergström et al., 2000) and may have 295 been affected by the specific time of sampling (we suspect that significant effects may 296 have been detected in December when there was a second flush of growth that was 297 more vigorous than the first flush). Unlike the clustered arrangement of leaves at 298 nodes on short-shoots (spurs) in A. grandicornuta and D. cinerea, leaves on C. 299 13 apiculatum and G. flavescens are produced on long-shoots with one or two leaves per 300 node (Schmidt et al., 2007) . Species with the latter growth pattern cannot produce 301 new photosynthetic tissues without first producing new somatic tissues, which 302 requires plenty of water and N (Ganqa and Scogings, 2007) . We postulate that 303 required resources were not sufficient at the time of sampling to meet the 304 requirements of long-shoot production, leading to the lack of exclusion effect on shoot 305 length in C. apiculatum and G. flavescens. Nevertheless, our evidence altogether 306 indicates that shoot growth rate increases under browsing pressure, which supports 307 other studies (Fornara and du Toit, 2007; Hrabar et al., 2009) . 308
The decrease in both shoot length and [TP] in D. cinerea following exclusion of 309 large herbivores (the latter contradicting our predictions) suggests that herbivory does 310 not necessarily result in C limitation in deciduous trees, which supports studies among 311 boreal species (Nykanen and Koricheva, 2004; Palacio et al., 2008) . However, 312 responses to browsing may be modified by the frequency of browsing, nutrient 313 availability, the timing of damage and the plant tissue sampled (Hjältén et al., 1993 (Hjältén et al., , 314 1994 Lindroth et al., 2007) . Plants accumulate C under nutrient stress (Herms and 315 Mattson, 1992) , which could result in increased levels of CBSMs in browsed plants 316 (Rooke and Bergstrom, 2007 Dichrostachys cinerea is a fast-growing, aggressive invader that readily produces root 323 suckers (Tobler et al., 2003; Wakeling and Bond, 2007) . In the study area, D. cinerea 324 14 stems grow faster than stems of other species (Scogings, 2011) . Carbon allocation 325 patterns in browsed D. cinerea are possibly linked to high photosynthetic capacity and 326 extensive storage associated with its growth habit. Given that our plants were not 327 obviously nutrient stressed, compensatory photosynthesis is a likely source of C for 328 allocation to CBSMs in D. cinerea, but storage cannot be ignored as a potential source 329 as well. Studies of C allocation in deciduous species in semi-arid savannas would 330 improve the understanding of responses to browsing. 331 332 333
Conclusions
335
In conclusion, effects of browser exclusion on woody plants were species-specific. 336
We found only limited support among the four study species for our prediction that 337 removal of large herbivores results in decreased plant quality (reduced N and 338 increased CBSM) in semi-arid savannas. Furthermore, there was moderate support for 339 our prediction that removal of large herbivores results in decreased shoot length. 340 Therefore, manifestation of positive browse-browser feedback loops in savannas 341 depends on the plant species observed, the specific nutrient or CBSM measured, and 342 the density and composition of the associated herbivore assemblage. Since elephant 343 densities in the study area were high and most positive responses were detected in the 344 control plot, we conclude that elephants probably are important drivers of feedback 345 loops among woody plants taller than 2 m in the study area. 
